Abstract: Sulfur is an essential element in plant rhizospheres and microbial activity plays a key role in increasing the biological availability of sulfur in soil environments. To better understand the mechanisms facilitating the exchange of sulfur-containing molecules in soil, we profiled the binding specificities of eight previously uncharacterized ABC transporter solute-binding proteins from plant-associated Pseudomonads. A high-throughput screening procedure indicated eighteen significant organosulfur binding ligands, with at least one high-quality screening hit for each protein target. Calorimetric and spectroscopic methods were used to validate the best ligand assignments and catalog the thermodynamic properties of the protein-ligand interactions. Two novel highaffinity ligand-binding activities were identified and quantified in this set of solute-binding proteins. Bacteria were cultured in minimal media with screening library components supplied as the sole sulfur sources, demonstrating that these organosulfur compounds can be metabolized and confirming the relevance of ligand assignments. These results expand the set of experimentally validated ligands amenable to transport by this ABC transporter family and demonstrate the complex range of protein-ligand interactions that can be accomplished by solute-binding proteins. Characterizing new nutrient import pathways provides insight into Pseudomonad metabolic capabilities which can be used to further interrogate bacterial survival and participation in soil and rhizosphere communities. Statement: We report protein-ligand interactions for eight solute-binding proteins of organosulfur compounds, including two previously unknown binding activities. These patterns of activity expand the range of small molecules recognized by the methioninebinding protein family of ABC transporters and provide additional insight into the transport and metabolic capabilities of Pseudomonads.
Introduction
Transporters from diverse families are abundant in bacterial proteomes and act as conduits for exchange of molecules and transfer of information in soil ecosystems. 1 Despite the essential nature of these components in cellular systems, 2,3 the ligand transport specificity is mostly unknown with the exception of a few well-characterized representatives. The lack of detailed information on transport capabilities limits our ability to reconstruct metabolic and regulatory pathways in environmental bacteria 4 and understand their role in soil microbial communities.
To identify potential links between bacterial transport capacity and the soil environment, we analyzed the transport capabilities of ATP binding cassette (ABC)-type transporters for sulfur compounds in environmental Pseudomonads. Sulfur is required for growth and soil microbes obtain it either from inorganic sulfate or from organosulfur compounds such as sulfonates, sulfate esters, or sulfurcontaining amino acids. 5, 6 In aerobic soils, organosulfur compounds comprise over 95% of the sulfur content 5 making bacterial transport and metabolism of these small molecules a necessary function in this environment. Although multiple transporter families mediate transport of sulfur compounds in bacteria, most organosulfur transporters identified to date are ABC-type systems that transport amino acids and structurally-related derivatives. 5,7-13 ABC transporters are amenable to in vitro functional characterization methods as the solute-binding protein (SBP), which is the primary determinant of transporter specificity in these systems, 14 can be expressed as soluble, functional proteins compatible with highthroughput screens 15, 16 for ligand-binding activity.
Pseudomonads from the fluorescens group are commonly found in soil environments and often have mycorrhizal helper or plant-growth promoting activities. [17] [18] [19] These bacteria are metabolically versatile and inhabit complex environments. As a consequence they possess extensive transport capabilities with strains often having more than 100 SBPs predicted in sequenced genomes. 20 Solutebinding proteins from Pseudomonas protegens PF-5 and Pseudomonas fluorescens SBW25 were evaluated for potential novel sulfur compound transporters to increase our understanding of nutrient exchanges between soil organisms and their environment. We focused on proteins with homology to known sulfurcontaining amino acid-type transporters as these were abundant in the genomes of the selected species. Homology-based evaluation of these genomes indicated a group of eight SBPs with low homology to the Escherichia coli MetQ protein which could contribute to the uptake of organosulfur compounds. Our approach of rigorous functional characterization of these SBPs supports modeling of nutrient exchange capabilities in these bacteria and will provide a foundation for additional functional characterization of transport systems related to rhizospheric nutrient turnover.
Results

Selection of screening targets
SBPs for screening were identified using the MetQ protein sequence from E. coli MG1655 as reference for a BLAST 21 search of the PF-5 and SBW25 proteomes with a minimum cutoff of 30% amino acid identify to EcMetQ. Candidates from PF-5 (Table I) (Table I) were also identified as PBP-2 family proteins with homology to the MetQ family. These eight targets from two Pseudomonas species were successfully cloned, expressed and purified in E. coli for characterization of ligand-binding capacity. The EcMetQ protein was utilized as a control for comparison of binding activity between this uncharacterized Pseudomonas set and a known representative transporter.
24,25
Directed screens for ligand-binding activity A small molecule library containing methionine isomers, analogs, metabolic precursors, degradation products, and other organosulfur compounds was used to characterize ligand-binding activity in the protein target set (Supporting Information Fig. S1 ). This screening library is representative of possible metabolites and provides candidates for the validation studies addressed in later sections. The ligandbinding activity of purified proteins was assessed with a fluorescence assay 15, [26] [27] [28] All target proteins showed increased stability with at least one ligand in the screening library ( Fig. 1; DT m values for all trials are provided in Supporting Information Fig. S1 ). The observation that a total of 18 ligands could stabilize protein T m s by at least 3.08C shows that ligand-binding capabilities in these SBPs are much more diverse than indicated by computationally assigned gene annotation. The organization of the thermal stabilization data by ligand chemical features allows these proteins to be grouped into five separate clusters based on observed ligand-binding specificity and select the highest quality interaction for further characterization. The ligand-binding pattern of SBPs between the two organisms studied is also consistent with the ortholog conjecture, which presumes that orthologs are more similar in function than paralogs. 31 The source of this discrepancy is unknown but characterization of this protein was based on the transport capacity of the MetNIQ ABC transporter in whole cells 7 with no direct determination of the SBP-ligand-binding parameters. For Cluster II (PFL_0230 and PFLU0215), the highest DT m shifts were observed for L-Met and Lselenomethionine similar to Cluster I but notable differences were also observed for secondary ligandbinding activities. The next-best ligands in descending order for the Cluster II pair were Scarboxymethyl-L-cysteine, L-methionine sulfoxide, L-methionine sulfone and L-cystine. These small molecules contain the carboxyl and amine groups of L-Met but have modifications to the end of the Rgroup. We expect the sulfoxide and sulfone modifications are the most relevant to soil environments as L-Met oxidizes in aerobic conditions. Scarboxymethyl-L-cysteine is a rare amino acid resulting from inaccurate methionine synthesis 33 and L-cystine is typically transported by the Cysteine-binding ABC transporter family 34 which is represented by two candidate transporter complexes in PF-5 and SBW25. In contrast to clusters I and II, the PFL_0242 and PFLU0239 proteins grouped in Cluster III exhibited the greatest thermal stabilization with Met derivatives. Two ligands, 2-hydroxy-4-methylthiobutyric acid (2H4-MTBAc) and a-keto-gmethylthiobutyric acid (AKG-MTBAc), induced 6-88C shifts in these proteins compared with a 3-48C increase observed with L-Met. These derivatives are structurally similar to L-Met but have been deaminated on the a-carbon leaving a hydroxyl or keto group in place of the amine. Other ligands inducing relatively large shifts included 3-(methylthio)propionic acid, N-formyl-L-methionine, and L-methionine sulfone.
The PFL_3189 protein (Cluster IV) shows a large shift with L-Met but there are no clear structural trends among the secondary ligands which include L-methionine sulfone, lactone, cysteic acid and D-Met. For ligands other than L-Met, the FTS data was of lower quality and did not exhibit uniform concentration-dependent DT m increases. Consequently, high-confidence secondary ligand-binding activities are not proposed for this protein based on our library of small molecules.
A completely novel ligand-binding capability is present in P. protegens PF-5 due to the presence of PFL_4165 (Cluster V). Although all SBPs in this study have homology to MetQ family SPBs, PFL_4165 did not show any binding to L-Met and instead showed stabilization with only one small molecule in the library, 3-(methylthio)-propylamine (3-MTPAm). This Met derivative lacks a carboxyl group, resulting in a short straight-chain amine with a thioether on one end. No other SBP in this set was able to bind this ligand and most showed slight thermal destabilization in FTS reactions (Supporting Information Fig. S1 ).
Analysis of ligand binding to the PFL_0242 protein by fluorescence spectroscopy
The FTS assay provides qualitative rankings of ligand-binding activity which were validated and quantified by determining affinity constants for protein-ligand pairs from the PF-5 strain. Intrinsic tryptophan fluorescence spectroscopy (FS) methods for determination of affinity constants (K d ) were attractive as they consume small amounts of protein and use unmodified proteins and ligands. 35 Although fluorescent spectra were collected for all protein targets (Materials and Methods) only the PFL_0242 SBP (containing two Trp residues) exhibited changes in fluorescence that could be used to calculate binding constants. Substantial changes in the protein florescence intensities in the 290-360 nm region were only observed upon the addition of putative binding ligands with a representative example presented in Figure 2 (A). The K d value of PFL_0242 with five ligands spanning the range of FTS assay DT m values was calculated with protein concentration fixed at 0.5 mM and ligand concentrations ranging from 0.01 mM to 20,000 mM (Table II , and additional data provided in Supporting Information Fig. S2 ). An example of the ligand-binding plot calculated from the representative spectroscopy data is presented in Figure 2 (B). The line represents the best non-linear curve fit using a ligand-depletion binding equation as described in Materials and Methods. The calculated affinity for the two best ligands, 2H4-MTBAc and AKG-MTBAc was 0.36 6 0.05 mM and 0.48 6 0.03 mM respectively, which is within the normal SBP-ligand affinity range.
14 Surprisingly, the binding constant for N-formyl-L-methionine was similar at 0.50 6 0.07 mM, though the DT m value observed from the FTS screen was consistently lower. This discrepancy may be attributable different binding enthalpies which would impact the observed DT m value. 36 The observed K d for L-Met was 21 6 1.4 mM, approximately 40-fold higher than AKG-MTBAc indicating that L-Met is not the preferred ligand for this SBP. L-methionine sulfoxide was also tested although it did not induce a T m shift above 18C during screening; PFL_0242 had a measurable affinity for Lmethionine sulfoxide but at 99 6 13 mM it is above the typical range of ligand affinities for SBPs.
14 Overall, the results from FS are consistent with the ligand affinity rank as determined by FTS screens. The size of the DT m does not directly indicate magnitude of a binding affinity but overall the screening assay was suitable for finding and ranking proteinligand interactions which can prioritize sets for intensive biochemical characterization.
Analysis of ligand binding via isothermal titration calorimetry
The affinity of SBPs for compounds identified by ligand screening was evaluated by ITC. This analysis focused on proteins from PF-5 since this strain exhibited the highest diversity in the number of bound ligands. The results from analysis of the PF-5 proteins can be extrapolated to homologous proteins in the SBW25 strain. Many of the SBW25 proteins exhibit >80% sequence identity to their PF-5 homologs suggesting these SBPs would have similar thermodynamic parameters. A representative thermogram and binding plot for one replicate of PFL_0242 with AKG-3MTBAC is shown in Figure  2 (C), while all ITC results are summarized in Table  II . Detailed descriptions of experimental parameters with resulting ligand-binding plots are contained in Supporting Information Figure S3 . Because the specific binding affinity of L-Met with the EcMetQ protein has not been reported in the literature a single titration of refolded EcMetQ with L-Met was performed for comparison with other proteins in this set (Table II) . The resulting K d of 0.01 mM for L-Met is within the typical interaction range of binding affinities for bacterial SBPs.
14 The K d s for PFL_0230 (0.03 6 0.0048 mM) and PFL_3189 (0.04 6 0.0023 mM) with L-Met are comparable to that estimated for EcMetQ. These interactions are enthalpy driven as indicated by the experimentally observed values (Table II) . PFL_0071 also had L-Met as the preferred ligand and had slightly less affinity for this amino acid than the other SBPs at 0.09 6 0.069 mM. The predicted length, size and structure 37 42 and plant root exudates 43 in nano-to micromolar concentrations. Several of the SBPs characterized in this study bind L-Met with sufficient affinity to extract this amino acid from the niches inhabited by these Pseudomonads. However, many methionine derivatives indicated as ligands in this study are rarely described in the literature and it is difficult to determine if they are present in soil and plant rhizospheres. To confirm that these organosulfur compounds could be utilized for growth we cultured PF-5 and SBW25 in minimal media with SBP ligands supplied as the sole sulfur source. Optical density of an overnight culture was used as an indicator of bacterial ability to metabolize that small molecule relative to standard media containing inorganic sulfate as the sulfur source (Fig. 3) . Most ligands supported growth comparable to inorganic sulfate, indicating that they can be metabolized.
Only one component, L-Methionine sulfone, could not be utilized by PF-5 and supported a reduced growth level in SBW25. The genetic complement of Met-family transporter components is not completely conserved between PF-5 and SBW25 which might be reflected in the slightly better growth of PF-5 on 3-MTPAm. However, SBW25 was still able to grow on 3-MTPAm suggesting transporters from other families could also contribute to uptake of that nutrient. Genetic experiments would be required to confirm that the ABC transporters associated with the SBPs described here are primarily responsible for methionine-derivative uptake but these growth experiments support the premise that these are physiologically relevant small molecules to consider in bacterial metabolic experiments and models.
Discussion
Bacterial genomes are considered to be under sufficient selective pressure to discourage maintenance of redundant genes, 44, 45 however, genome-scale sequencing reveals many bacterial ABC transporters with identical predicted functions. In many cases these are mis-annotations 46, 47 and experimental characterization demonstrates novel transport capabilities. 27, 28, 48 Our characterization of Pseudomonad MetQ-family proteins describes two novel ligandbinding activities for this class, as well as demonstrating the complex and overlapping binding profiles within these homologs. We propose that fluorescens group bacteria retain these SBPs with overlapping functions to adjust the transport capacity of primary and secondary ligands to better match nutrient availability in the complex environments they inhabit. Biochemical characterization of these novel transporter functions leads to more accurate protein functional annotations in gene databases but can also be used to discover uncharacterized metabolic and enzymatic pathways in the host organism. 49 A limitation of high-throughput screening methods is that the ligands discovered can lack additional context or support for host relevance in a typical environment. For soil bacteria, this situation is exacerbated because the niche is poorly described and highly heterogeneous. The L-methionine sulfoxide and sulfone ligands represent oxidized forms of methionine and are detected in soil sulfur pools, 50 though metabolism of the sulfone has only been reported in ruminant bacteria. 51 The Met derivative AKG-MTBAc is a predicted intermediate in bacterial methionine recycling pathways 52 and was recently described as a product in cheese cultures metabolizing citrate. 53 This molecule may be present in rhizospheres as a byproduct of citrate consumption which is abundant in plant exudates. 43 Finally, 3-MTPAm has been detected in bacteria 54 and has a production route through decarboxylation 55 but the distribution of this Met derivative in soil is unknown. Further investigation is necessary to determine the presence and impact of these and other organosulfur compounds in the plant rhizosphere environments occupied by Pseudomonads. A related question is why Pseudomonads devote multiple resources to the acquisition of L-Met and related sulfur compounds. The fluorescens and protegens species can synthesize L-Met de novo but most sequenced fluorescens species have three SBPs with high sequence identity to the targets characterized here and all strains classified as P. protegens (PF-5, CHA0 and cab57) as well as the P. fluorescens BBc6R8 strain have five putative Met SBPs (Supporting Information Fig. S4 ). Further analysis of 11 Pseudomonas species comprising 41 strains (Supporting Information Fig. S4 ) identified over 100 SBPs with greater than 70% sequence identity to proteins characterized in this study. The abundance and redundancy of SBPs that bind sulfur compounds in Pseudomonads suggests diversified transport capabilities are important for environmental fitness in these organisms. One hypothesis is that these bacteria may have high demand for all amino acids due to their growth rates, as Pseudomonads can grow comparatively quickly for a soil bacterium. In addition to protein synthesis L-Met is required for production of many secondary metabolites as a precursor of the methyl group donor sadenosylmethionine, the polyamine putrescine, and the quorum-sensing signal homoserine lactone. Increased L-Met consumption and higher total sulfur requirements may be a consequence of plant health promoting activities 56, 57 or bacterial communication. 58 Characterizing the transport capacity of these strains provides specific information that can be used to build testable hypotheses to better understand the role of these bacteria, the secondary metabolites they produce and their contributions to soil communities and plant productivity.
Materials and Methods
Strains and growth conditions
Strain Pseudomonas protegens PF-5 (BAA-477) and Escherichia coli MG1655 (ATCC 47076) were purchased from ATCC (Manassas, VA). Strain Pseudomonas fluorescens SBW25 was a generous gift from Dr. Gail Preston, Department of Plant Sciences at the University of Oxford, Oxford, United Kingdom. Bacteria were maintained in LB (10 g/L tryptone, 5 g/L yeast extract and 10 g/L NaCl) with shaking at 378C for E. coli and 308C for P. fluorescens and P. protegens. Genomic DNA was isolated from cultures using the Zymobead Genomic DNA Kit (Zymo Research, Irvine, CA) for use as PCR template. Experiments supplementing Pseudomonas species with sole sulfur sources were grown in modified PMM media (0. 
Target identification
Analysis of all P. protegens PF-5 ABC transporters indicated that the species had multiple predicted methionine- 22 predictions to determine if targets were part of an ABC transporter complex. Analysis of adjacent genes can often support annotation assignments and provide additional insight into cellular organization protein and function in bacteria. In PF-5 the PFL_0071 and PFL_0242 genes encoding SBPs are organized into operons with ABC permeases similar to EcMetI and ATP binding proteins similar to EcMetN, representing all the subunits required for a functional ABC transporter complex and supporting involvement in Met and Met-derivative import. In contrast, genes adjacent to the PFL_3189 and PFL_4165 SBP coding sequences do not include all components of a transporter complex. However, the nearby PFL_4167 gene indicates involvement of PFL_4165 in sulfur compound import as it is an acyl-CoA dehydrogenase from a family which includes the sulfate starvation induced protein SfnB of Pseudomonas putida DS1. The gene encoding the PFL_0230 SBP is an orphan (not organized into an operon) next to a group of ABC transporter proteins annotated for polar amino acid and glutamine uptake. Subunits from incomplete ABC transporters could interact with other Figure 3 . Methionine derivatives as sulfur sources in P. protogens PF-5 and P. fluorescens SBW25. Bacteria were cultured in minimal media with listed sole sulfur sources; percent of growth relative to cultures supplied with inorganic sulfate (Sodium Sulfate) was compared between samples with methionine derivatives or without sulfur (none) to identify biologically accessible sources. Bar charts average three independent replicates, error bars represent one standard deviation above and below the mean.
Met-family transporter components and may be coregulated to successfully perform cellular functions. Homologous SBP proteins in SBW25 were arranged in a similar genome contexts as those described for PF-5. Given these genome organizations we had high confidence that PFL_0071 and PFL_0242 would interact with L-Met but lower confidence in the binding activities of PFL_0230, PFL_3189 and PFL_4165.
Cloning, expression and purification
Sequences of predicted mature SBPs were used to design cloning primers in batch mode using a webbased high-throughput primer design tool. 63 Primers were ordered from Integrated DNA Technologies (Coralville, IA). SBP targets were cloned into the E. coli expression vector pMCSG7 using ligationindependent cloning methods as previously described 26, 64 and expressed in the E. coli BL21(DE3) magic strain. The vector adds an Nterminal hexahistidine tag and a TEV protease cleavage site to the expressed protein sequence; the 6his tag was used to purify proteins using NiNTA affinity chromatography. 15, 26 Large scale expression cultures were grown in 23 YT broth (16g/L tryptone, 10 g/L yeast extract and 5 g/L NaCl and ampicillin and kanamycin at 100 mg/mL and 30 lg/mL, respectively) with shaking and induced with 1 mM IPTG overnight at 198C. Cells were harvested by centrifugation at 3500 RPM for 20 min, lysed by a combination of lysozyme and sonication, then lysate was cleared by centrifugation at 10,000 RPM for 30 min. Lysates were applied to a 5 mL bed of NiNTA affinity chromatography resin to capture 6His-tagged recombinant proteins. Columns were washed with 20 column volumes of wash buffer containing 30 mM imidazole and eluted with two column volumes of elution buffer containing 250 mM Imidazole. Eluate fractions containing protein were pooled and dialyzed for 33 buffer exchanges against phosphatebuffered saline (PBS). Preparation yield and quality was assessed by SDS-PAGE analysis of purified proteins and sample concentrations calculated using Nanodrop spectrophotometer A280 values. The ExPASy ProtParam tool 65 was used to calculate the protein extinction coefficients using the expressed, tagged amino acid sequences.
Ligand profiling with fluorescence thermal shift assays
Native purified proteins were used in fluorescence thermal shift (FTS) assays to screen for proteinligand interactions. A protein is heated in the presence of a dye that fluoresces after binding to hydrophobic core residues exposed during protein denaturation, which can be used to find the melting temperature (T m ) of the protein. Interactions with ligands stabilize protein structure resulting in positive T m shifts (DT m ). The screening library was composed of 30 small molecules including methionine, methionine derivatives, and other sulfurcontaining compounds (Supporting Information Fig.  S1 ). All putative ligands were purchased as 95% or higher purity reagent-grade chemicals except Sadenosyl methionine which was an 80% pure extract. Ligands tested as racemic mixtures of isomers are as indicated by names in Supporting Information Figure S1 . Ligands were dissolved in either PBS, pH 7.4 or 100% dimethylsulfoxide (DMSO). Screening reactions that included DMSO were standardized to a final DMSO concentration of 5% (v/v) to minimize buffer effects. Some ligands were combined with equimolar dithiothreitol (DTT) to maintain ligands in reduced form; T m values for reactions containing these ligands were compared against reactions with protein and equal amounts of DTT to control for buffer effects. All protein targets were screened at 10 mM with individual ligands at 1000 lM for a 100 fold excess of ligand and SYPRO Orange protein dye (Invitrogen/Thermo-Fisher, Carlsbad, CA) at 53 concentration. Assays were run in white plates with optically clear sealing films and denatured in a Roche LightCycler 480 RT-PCR machine (Roche, Indianapolis, IN) as described previously. 15, 27, 28 Manufacturer software was used to calculate first derivative plots with respect to time from protein melt curves which were manually inspected for protein T m values. All protein-ligand combinations were performed in triplicate with average DT m values and standard deviations reported in Supporting Information Figure S1 . Experiments with ligand concentrations at 500, 2000, 3000 and 4000 lM were conducted to determine if shifts in protein T m were concentration dependent (data not shown). Only those ligands with shifts 18C at 1003 ligand excess and a ligand concentration-dependent T m increase (data not shown) are considered putative hits.
Fluorescence spectroscopy
After profiling ligand-binding capacity intrinsic tryptophan fluorescence spectroscopy (FS) was used to evaluate the quality and ranking of screening hits. Protein targets PFL_0071, PFL_0230, PFL_3189 and PFL_4165 do not contain Trp residues and spectra of Tyr and Phe residues (Ex: 275 nm, Em: 290-360 nm) did not provide sufficient fluorescence levels to attempt binding characterization. PFL_0242 has two Trp residues and addition of FTS ligands induced large changes in Trp fluorescence allowing characterization by FS [ Fig. 2(A) ]. Data was collected using a Molecular Devices Spectra Max M5 e fluorescence spectrometer and quartz 1 mL cuvettes (excitation: 290 nm; emission: 290-360 nm in 3 nm increments). Native protein was used at a final concentration of 0.5 lM and ligands were used in a range of 0.1 to 20,000 mM final concentration with duplicate experiments for each ligand. Fluorescence at 330 nm was used to calculate fraction bound values, from which the concentration of protein bound to ligand was determined. For the representative spectrograph figure data was plotted in GraphPad Prism version 7. Ligand binding plot graphing and curve fitting was also performed in GraphPad Prism. Estimated affinity constants were near total protein concentration so all binding curves were fit with an equation that incorporates ligand depletion using the equation 66 Y 5 [(X 1 K 1 P) 2 ͱ[(2X -K 2 P)2 -(4 * X * P)]]/2 where Y equals the concentration of protein bound to ligand, X is the total ligand concentration, P is the total protein concentration and K is the K d , defined as the midpoint value of Y. A representative binding curve is reproduced in Figure 2 (B) and all binding curves are available in Supporting Information Figure S2 .
Protein refolding
Purified protein samples diluted to 1 mg/ml were denatured in 6M urea and dialyzed against PBS pH 7.4 with 6M urea for 33 buffer exchanges and a minimum of 16 h to remove adventitious ligands. Refolding was accomplished by transferring denatured samples to PBS pH 7.4 and performing 33 buffer exchanges to remove urea. Refolded samples were centrifuged at 3500 RPM for 20 minutes to pellet precipitated insoluble protein and supernatants passed through a 0.2 mm syringe filter to remove small aggregates before concentration using centrifugal filter concentrators with a 5000 Da MCWO. Refolded proteins were concentrated to more than the level needed for titration experiments and diluted to the required working concentration.
Isothermal titration calorimetry
ITC was used to calculate binding constants for protein-ligand pairs discovered by FTS. A Microcal VP-ITC microcalorimeter (Microcal/Malvern, Westborough, MA) was used to collect titration data, and curves were analyzed in Origin using the ITC software package (GE, Marlborough, MA, USA) and the OneSite binding model. A representative thermogram and biding curve are shown in Figure 2 (C). Both macromolecule and titrants were diluted into degassed PBS, pH 7.4 and titrations were performed with the cell temperature at 308C. Protein concentrations were determined using Nanodrop absorbance at 280 nm and the calculated extinction coefficient. A portion of the protein stock was diluted to the concentration needed for the experimental conditions. For each titration, some diluted protein sample was reserved and the actual sample cell concentration recorded and used for analysis. Ligand concentrations could not be assessed in a similar manner due to low extinction coefficients. Instead concentrated stock solutions were made for all ligands and a portion of the same stock was diluted to the required concentration for all experiments. All ligands were soluble in PBS and only PBS was used to prevent buffer mismatches between the sample cell and injection syringe. Control ligand-buffer titration heats were subtracted from all isotherms and experiments were performed in triplicate except for the EcMetQ-L-Met and PFL_4165-L-Met combinations. Native protein PFL_0242 was used in titrations; other proteins were refolded to remove adventitiously bound ligand as described above. In addition, L-arginine was added to PFL_4165 titrations at 0.5 or 0.3M to suppress macromolecule aggregation. For PFL_0242 the two best ligands had comparable DT m values but AKG-MTBAc was used because it was soluble in aqueous buffers. Concentrations of protein and ligand were adjusted as appropriate for each protein-ligand combination, see Supporting Information Figure S3 for detailed descriptions.
